Belke DD. Swim-exercised mice show a decreased level of protein O-GlcNAcylation and expression of O-GlcNAc transferase in heart.
PROLONGED EXERCISE IS ASSOCIATED with favorable cardiac remodeling leading to physiological hypertrophy with improved capacity for force generation in conjunction with an enhanced capacity for energy production (8, 15, 16, 25) . These observations contrast heart failure with pathological hypertrophy, where contractile force is decreased and the capacity for energy production limited (1, 3, 15, 18, 21) . The beneficial effects of exercise on heart function have been linked to a variety of changes in cell signaling pathways affecting the interaction of transcription factors with target genes (4, 7, 32) , altered patterns of protein phosphorylation (15, 16) , and even differences in the capacity to handle oxidative stress and protein carbonylation (26, 30) . Over the past few years a number of studies have examined protein O-linked N-acetylglucosamine (O-GlcNAcylation) in relation to its potential role in mediating (13, 33, 34) or mitigating (5, 22) heart failure. Protein OGlcNAcylation is a posttranslational modification involving cell stress and nutrient metabolism, which impacts a wide variety of intracellular proteins and signaling cascades (35, 37) . Protein O-GlcNAcylation is mediated by the action of OGlcNAc transferase (OGT), which uses UDP-GlcNAc from the hexosamine biosynthetic pathway for O-GlcNAcylation of serine and threonine residues in a manner reminiscent of protein phosphorylation. The O-GlcNAc moieties can also be removed from proteins through the action of O-GlcNAcase (OGA). Recently, an increase in the level of protein O-GlcNAcylation has been associated with a number of pathologies of the heart, including diabetes (13) , aging (11) , ischemia (5) , and most recently pathological hypertrophy associated with heart failure (33, 34) . Whether the increase in protein OGlcNAcylation under these pathological conditions contributes to the deterioration of heart function or constitutes an adaptive response for cell survival in response to stress (36) remains to be determined within the context of the disease. In contrast, nothing is known about the effect of prolonged exercise on protein O-GlcNAcylation in the heart despite the capacity of exercise to prevent or moderate the detrimental effects of many of the aforementioned disease states. Accordingly, protein O-GlcNAc modification was examined in the hearts of mice subjected to swim-training exercise.
MATERIALS AND METHODS
Swim training. This investigation conforms with the Guide for the Care and Use of Laboratory Animals as published by the Canadian Council for Animal Care and was approved by the Animal Welfare Committee at the University of Calgary. The mice used in this study were CD1 male mice, ϳ10 -12 wk of age. The mice were divided into two groups. Sedentary (control) mice were handled daily to habituate the animals and simulate the same researcher interaction as the swim-trained mice. Swim training was accomplished according to the method outlined in Kim et al. (17) . Mice were swim exercised in a tank heated to 30 -32°C to prevent hypothermia. Swim training consisted of two daily sessions separated by a 4-h rest period. The initial sessions were 10 min in duration and were increased by 10 min each day until a maximum duration of 90 min per session was achieved. The mice were maintained on this swim-training schedule for 6 wk. Mice were allowed to rest for 36 -48 h after their final bout of swim training before use to minimize any acute effects of the exercise training schedule.
Measurement of cardiac function. Ex vivo pressure development was measured using an isolated working heart model. To measure left ventricular pressure in these hearts, a 1.4-Fr Millar pressure transducer was threaded down the afterload cannula and through the aortic valve into the left ventricle. The hearts were perfused with a modified Krebs-Henseleit buffer containing 11 mM glucose and 0.4 mM palmitate complexed to 3% BSA as described previously (2) . Hearts were perfused with an afterload pressure of 65 mmHg and a preload pressure of 15 mmHg. Pressure data were recorded at a rate of 1,000 data points per second using a Windows Data Acquisition system (WINDAQ; Dataq Instruments, Akron, OH) and analyzed for pressure development and -values (rate constant for relaxation).
Western blotting. Western blotting was accomplished using freshly harvested unperfused heart tissue. For Western blot analysis, protein separation was achieved using a 10% polyacrylamide gel (Bio-Rad Mini Protean II; Bio-Rad, Hercules, CA); and transferring to a nitrocellulose membrane. The nitrocellulose membrane was probed using primary antibodies directed against RL 2, anti-O-GlcNAc (ab2539; Abcam), OGT (DM-17; Sigma-Aldrich, St. Louis, MO), and ␣-sarcomeric actin (Clone 5C5; Sigma) as a control. Bands were visualized by incubation with secondary antibodies conjugated to horseradish peroxidase for chemiluminescence. For immunoprecipitation studies, 400 g of heart protein were incubated with primary antibodies for SP1 (PEP2; sc-59; Santa Cruz Biotech,) overnight at 4°C, followed by a 2-h incubation with protein A/G-agarose (sc-2003; Santa Cruz Biotech). After the agarose beads were washed, the precipitated protein was isolated and analyzed by Western blot as described above. For analysis of nonspecific binding of the RL 2 antibody, blots were exposed to the primary antibody in the presence of 200 mM N-acetyl-glucosamine. Western blots were developed using a Fujifilm LAS-3000 system and converted into high resolution image files for analysis using NIH Image J.
Quantitative RT-PCR. Real-time PCR was performed on freshly harvested unperfused heart tissue. Measurement of mRNA expression levels of OGT, OGA, and glutamine-fructose amidotransferase (GFAT) isoform 1 were determined using Quantitect mouse primer pairs obtained from Qiagen (Mississauga, Ontario, Canada) and the Quantitect SYBR Green PCR kit for the Bio-Rad icycler. GFAT isoform two primers were not available from Qiagen, so GFAT2 expression levels were measured using the following primer pairs: forward (tgggaaactctccattcacc) and reverse (ggagcactgtgttggtctca). Unperfused hearts harvested from mice and frozen in liquid nitrogen were used as the source for mRNA extraction using the Qiagen RNeasy extraction kit and following the manufacturer's protocol. RNA isolated from individual hearts was converted to cDNA using the Quantitect reverse transcription kit from Qiagen by following the manufacturer's protocol. Quantitative real-time PCR was performed using the SYBR Green PCR kit with GAPDH serving as the housekeeping reference gene for measuring the levels of the individual mRNA species. Values obtained for swim-trained hearts were measured relative to sedentary controls.
O-GlcNAcase assay. O-GlcNAcase activity was measured spectrophotometrically using p-nitrophenyl-N-acetyl-␤-D-glucosaminide (pNP-O-GlcNAc) as described by Dong and Hart (9) . Assays were performed in 100 l volume with a buffer mixture containing 50 mM sodium cacodylate (pH 7.0), 2 mM pNP-O-GlcNAc, and 0.5 mg/ml of BSA. To block the activity of contaminating lysosomal hexosaminidases, 50 mM GalNAc was added to the reaction mixture. The reaction was started by the addition of 200 ug of protein from heart homogenate and allowed to continue for 30 min at 37°C with constant shaking. The reactions were stopped by the addition of 0.9 ml of 0.5 M sodium carbonate. The resulting color development was measured at 400 nm. Blanks for each protein sample were created by running the reaction as described above in the absence of pNP-O-GlcNAc. The enzyme activity is expressed as absorbance units per 200 g of protein.
Statistical analysis. Values shown represent means Ϯ SE. Comparisons between the groups were performed using an unpaired Student's t-test. Differences of P Ͻ 0.05 were considered significant.
RESULTS
Changes in heart function due to swim training. At the beginning of the experiment, mouse body weight did not differ between the sedentary and swim-trained groups (Table 1) . Over the course of 6 wk of training, the body mass increased to a greater extent in the sedentary group relative to the swim-trained group, with the sedentary group gaining nearly 22 g relative to the 12 g gained by the swim-trained group (Table 1) . Despite this, the absolute heart mass and relative heart mass-to-body mass ratio was significantly higher in swim-trained group than the sedentary group, with the swimtrained group gaining over a 50% increase in heart mass normalized to body mass. The swim-training protocol resulted in the development of a physiological hypertrophy consistent with previous observations regarding the use of this protocol in mice (17) . Blood glucose was slightly lower in swim-trained mice relative to sedentary mice; however, this difference was not statistically significant (Table 1) .
Changes in cardiac function resulting from swim training are measured in an isolated working heart model using 1.4-Fr Millar pressure transducer situated in the left ventricle to make pressure measurements. The advantage of using the isolated working heart over in vivo measurements is the ability to control preload and afterload conditions for functional comparisons. Using this model, we observed a significantly higher left ventricular systolic pressure in the swim-trained group (98.9 vs. 84.9 mmHg; Table 2 ). Along with the increase in systolic pressure, the rate of pressure development and relaxation, positive and negative dP/dt, was also significantly higher in the swim-trained group (Table 2) . Since the rate of relaxation (negative dP/dt) is influenced by peak systolic pressure, the rate constant for relaxation () was also determined for the groups and was found to be significantly smaller in the swim-trained group, which would be indicative of a faster rate of relaxation. In general, the swim-trained hearts exhibited a degree of hypertrophy associated with improved contractile performance indicative of physiological hypertrophy.
Western blot analysis of protein O-GlcNAc modification. Having established the effects of swim training on cardiac remodeling and contractile function, we wanted to examine the potential effect of such an exercise program on the level of protein OGlcNAcylation in the heart. The general pattern of protein O- Values are means Ϯ SE for n ϭ 9 -10 mice for each group. *P Ͻ 0.05, values significantly different from the sedentary groups. (Fig. 1B) . Exposure of blots to RL 2 in the presence of 200 mM N-acetylglucosamine did not reveal any nonspecific binding of the antibody (Supplemental Fig. S1 ; Supplemental Material for this article is available online at the J Appl Physiol website), indicating that the observed difference between groups was related to protein O-GlcNAcylation. To determine if this general pattern of protein O-GlcNAcylation is similarly reflected in a known target for protein OGlcNAcylation, SP1 (a transcription factor known to be heavily O-GlcNAcylated) was immunoprecipitated from heart homogenates and probed for O-GlcNAcylation (Fig. 2) . SP1 was chosen because it is thought to convey many of the effects of glucose metabolism on gene transcription, and it has been shown recently to have a variety of differentially O-GlcNAcylated sites (14, 24) . Similarly, SP1 is known to be directly involved in the transcription of several genes important to cardiac function including cardiac troponin I, atrial naturetic factor, SERCA2a, and genes important to metabolism such as GLUT1 and MCAD (10), although the specific impact of SP1 O-GlcNAcylation on individual gene transcription in exercise and disease needs to be examined. O-GlcNAcylation of SP1 is known to result in a shift to higher molecular masses (28) , and the greatest extent of O-GlcNAc staining is observed on the highest molecular mass bands in our Western blots of immunoprecipitated SP1 from mouse heart homogenates ( Fig. 2A) . When comparing sedentary and swimtrained groups, the degree of staining for O-GlcNAc in the swim-trained group is significantly lower, being roughly 50% of the staining observed for the sedentary group (Fig. 2B) . These results suggest that the general level of protein O-GlcNAcylation can also be reflected in specific protein targets. Exposure of blots to RL 2 in the presence of 200 mM N-acetyl-glucosamine did not reveal any nonspecific binding of the antibody (Supplemental Fig.  S2 ), indicating the difference between groups was related to protein O-GlcNAcylation.
OGT expression and OGA activity. Differences in protein O-GlcNAcylation can be potentially mediated by changes in three components: 1) the production of UDP-GlcNAc from the hexosamine biosynthetic pathway, which is dependent on its rate limiting enzyme GFAT; 2) the expression and activity of OGT, which catalyzes the addition of O-GlcNAcylation to serine and threonine residues; and 3) the activity of OGA, which catalyzes the removal of O-GlcNAc moieties from proteins. UDP-GlcNAc levels were not measured in the current study, however, we did examine the expression of GFAT mRNA through quantitative real time-PCR. GFAT1 expression was slightly decreased relative to sedentary controls, while GFAT2 message was significantly depressed to 41% in swim- trained hearts relative to sedentary hearts (Fig. 3) . This decrease in GFAT expression could contribute to the decreased protein O-GlcNAcylation observed in the swim-trained group.
Another rational for decreased protein O-GlcNAcylation in the swim-trained group would be a decrease in OGT expression, an increase in OGA expression or some combination of the two. Examination of OGT through protein and mRNA expression revealed a significant decrease in OGT expression in the swimtrained mice relative to sedentary controls ( Fig. 1 and 3) . OGT mRNA is decreased by 30%, while protein expression is ϳ30% of the level observed in sedentary mice. These results are also consistent with the decrease in protein O-GlcNAcylation in the swim-trained group. Analysis of OGA mRNA expression, the enzyme that counteracts the effect of OGT, was decreased to 44% in swim-trained mice relative to sedentary mice (Fig. 3) . Unfortunately, commercially available antibodies directed against OGA are not sensitive enough to detect expression in heart tissue; however, it is possible to measure OGA enzyme activity through the degradation of pNP-O-GlcNAc. Accordingly, a decreased level of OGA activity was observed in the swim-trained hearts relative to sedentary, matching our results from the quantitative real-time PCR experiment (Fig. 4) . As only an increase in OGA expression or activity could contribute to the decreased protein O-GlcNAcylation levels in swim-trained hearts, these observations suggest that endogenous OGA activity is unlikely to be a principle factor regulating protein O-GlcNAcylation in our study.
DISCUSSION
Protein O-GlcNAcylation is a posttranslational modification that impacts a wide variety of intracellular proteins, affecting protein-protein interactions, signaling cascades and gene transcription (35, 37) . Increased protein O-GlcNAcylation has been observed in the heart under a variety of pathological conditions including diabetes, aging, ischemia, and most recently in relation to pathological hypertrophy (5, 11, 13, 33, 39) . Early studies (19) linked the activity of the hexosamine biosynthetic pathway with the development of diabetic complications, although it was not until a few years ago that this effect was linked to intracellular protein O-GlcNAcylation (20) , a phenomenon that until recently was widely believed to be limited to the extracellular environment. Although a number of studies have focused on changes in protein O-GlcNAcylation in the heart under pathological conditions, no studies have yet examined the potential for regular exercise to impact protein O-GlcNAcylation in the heart.
In the present study, swim training was used as an exercise program. This form of exercise training has been previously documented to induce a physiological cardiac hypertrophy associated with improved contractile characteristics in mice (17) . In the current study, swim training for 6 wk was associated with a smaller body mass and an increased heart mass, leading to the increased heart mass-to-body mass ratio characteristic of physiological hypertrophy. In association with this change in heart mass, peak systolic pressure and positive and negative dP/dt were also significantly greater, along with a decreased rate constant for relaxation (); all of which are associated with an improved contractile performance synonymous with an exercise-induced physiological hypertrophy.
Having established the effects of the swim-training program on contractile function and heart mass, subsequent studies examined these hearts for differences in level of protein O-GlcNAcylation. Recent studies (33) have observed an increased level of protein O-GlcNAcylation associated with the cardiac hypertrophy resulting from infarcts induced through coronary ligation. In contrast, the physiological hypertrophy in the current study was associated with a decrease in protein O-GlcNAcylation. This decrease in protein O-GlcNAcylation was also observed in immunoprecipitated SP1, a transcription factor known to contain a number of sites for protein O-GlcNAcylation (14) . Specifically, we observed the greatest intensity of staining on the higher molecular mass bands of SP1, a phenomenon that has been previously described for this transcription factor (28) . The decreased level of protein O-GlcNAcylation associated with exercise-induced physiological hypertrophy indicates that an increase in heart mass is not automatically associated with an increase in protein O-GlcNAcylation as witnessed in pathological hypertrophy (33) and suggests that the pathways leading to protein O-GlcNAcylation are differentially regulated between the two types of hypertrophy.
Three factors can influence protein O-GlcNAcylation in the heart. The product of the hexosamine biosynthetic pathway, UDPGlcNAc, is the principle substrate for OGT. The activity of the hexosamine biosynthetic pathway is governed by the expression of GFAT, the rate-limiting enzyme in the pathway. Blood glucose levels were slightly (not significantly) decreased in our exercised group relative to the sedentary group and could have contributed to the decreased level of protein O-GlcNAcylation in the exercised group. Previous studies (34) on pathological cardiac hypertrophy induced by aortic banding in rats demonstrated an increase in UDP-GlcNAc levels associated with an increased expression of mRNA for the GFAT2 isoform. We did not measure UDPGlcNAc levels in the current study. UDP-GlcNAc is also used for glycosylation of secreted and extracellularly expressed proteins in the endoplasmic reticulum and Golgi, and due to this compartmentalization its concentration may not reflect the source available for intracellular O-GlcNAcylation by OGT (6) . Analysis of the mRNA expression of GFAT2 did reveal a decreased level of expression in the swim-trained group relative to the sedentary group, with the greatest decrease being observed for GFAT2. These results suggest that a decrease in GFAT expression could decrease the activity of the hexosamine biosynthetic pathway contributing to the decreased level of protein O-GlcNAcylation in the swim-trained group. The decrease in GFAT2 expression in physiologically hypertrophied hearts and the increase in GFAT2 observed previously in pathological hypertrophy suggest that the two types of hypertrophy differ with respect to their capacity for protein O-GlcNAcylation.
The second factor influencing protein O-GlcNAcylation is the expression of OGT. An increase in OGT expression has been observed in diabetic and hypertrophied hearts in association with an increase in protein O-GlcNAcylation (13, 33) . In the present study, swim training was associated with a decrease in OGT expression at the level of protein and mRNA. OGT mediates protein O-GlcNAcylation by binding to its target protein to modify serine and threonine residues. A decrease in OGT expression could contribute to the decrease in protein O-GlcNAcylation associated with swim training. Knocking down OGT expression through small interfering RNA or knocking it out through conditional knockout are both associated with a decrease in protein O-GlcNAclylation (33, 38) . Interestingly, a recent study (33) has indicated that a conditional knockout of OGT in the heart of mice with pathological cardiac hypertrophy leading to a decrease in protein O-GlcNAcylation results in contractile dysfunction. This highlights a difference between pathological and physiological hypertrophy where a decrease in protein O-GlcNAcylation is not associated with a decrease in contractile performance. The observation that a decrease in protein O-GlcNAcylation is neither universally beneficial nor detrimental in the hypertrophic heart suggests a differential necessity for protein O-GlcNAcylation between physiological and pathological hypertrophy. Conjecture as to why these differences exist is beyond the scope of this study; however, it is interesting to note that a knockout of OGT is lethal to embryonic development (23, 27) and pathological hypertrophy is associated with the reemergence of a "fetal" pattern of gene transcription.
The third factor influencing protein O-GlcNAcylation is the activity of O-GlcNAcase, the enzyme responsible for removing O-GlcNAc moieties. Previous studies (13) have shown that increasing the expression of OGA can lead to a decrease in protein O-GlcNAcylation, and it is possible that an increase in OGA could contribute to the decrease in protein O-GlcNAcylation in swim-trained hearts. OGA mRNA levels were measured and found to be decreased in the swim-trained group relative to sedentary controls. Since the antibodies capable of measuring OGA protein levels in heart are not yet commercially available, its level has not been measured. However, OGA activity was measured by examining the hydrolysis of pNP-O-GlcNAc. OGA activity was observed to decrease in the swim-trained group, matching the mRNA expression values. These results suggest that the decreased level of protein O-GlcNAcylation is not due to an increase in OGA expression. Interestingly, in recent studies (33) in which OGT was knocked out OGA expression was also reduced, suggesting that under certain conditions OGT and OGA may act in tandem to affect O-GlcNAc signaling within the cell. This would also apply to current study where OGT and OGA are observed to decrease in tandem in the swim-trained group. In contrast, recent studies using cultured cells have observed a decrease in OGT expression when protein O-GlcNAc levels are increased artificially (31) or a decrease in OGA expression when OGT activity is blocked (12) , indicating the presence of a reciprocal level of enzyme expression to maintain protein O-GlcNAcylation levels in cells. Clearly, the movement of OGT and OGA in tandem in the present study suggests more of a control over the potential for O-GlcNAc signaling rather than a need to maintain an absolute cellular level of protein O-GlcNAcylation.
The results obtained for our swim-trained group suggest that regular exercise leads to a decrease in general protein OGlcNAcylation in the heart. This observation contrasts with results obtained from disease states, including pathological hypertrophy, where protein O-GlcNAcylation is observed to increase in the heart (5, 11, 13, 33, 34) . The nature of protein OGlcNAcylation in the heart remains controversial, with some studies (5) indicating a beneficial protective effect resulting from increasing the level of O-GlcNAcylation, and other studies (13) indicating beneficial effects resulting from a decrease in protein O-GlcNAcylation. Many studies have linked a cytoprotective effect to increased levels of protein O-GlcNAcylation (36), a phenomenon that has been observed in cardiac myocytes (5, 22) . Acute exercise in untrained animal models has been associated with an increase in reactive oxygen species, which could be associated with an increase in cell stress and protein OGlcNAcylation (29) . Whether prolonged swim training reduces cell stress, and hence protein O-GlcNAcylation, should be examined as a potential mechanism. Similarly, how the exercised heart might respond to ischemia-reperfusion in relation to its decreased level of O-GlcNAcylation remains to be determined. The nature of these effects ultimately depends on which proteins are being modified in relation to the current physiological status of the cell. Furthermore, it should not be interpreted from the current study that all types of exercise (i.e., running, cycling, etc.) lead to a decrease in protein O-GlcNAcylation, nor should it be interpreted that a general decrease in protein O-GlcNAcylation leads to a decrease in all proteins targets for O-GlcNAcylation. Each protein target for O-GlcNAcylation will have to be evaluated individually for its potential physiological effect; however, the present study provides the first physiological evidence that protein O-GlcNAcylation can be decreased in heart with out resorting to transgenic manipulation, gene knockout, or viral gene therapy. Swim training provides a potential alternative for mitigating the effects of increased protein OGlcNAcylation observed in disease states that may prove beneficial in determining the underlying effects of OGlcNAcylation for a number of protein targets.
